Until recently tidal stream turbine design has been carried out mainly by experimental prototype testing aiming at maximum turbine efficiency. The harsh and highly turbulent environments in which tidal stream turbines operate in poses a design challenge mainly with regards to survivability of the turbine owing to the fact that tidal turbines are exposed to significant intermittent hy- environmental turbulence is added to the inflow and its impact on the turbine's performance, hydrodynamics and rotor loadings is quantified.
Hydrodynamic loadings on a horizontal axis tidal turbine prototype 
Abstract
Until recently tidal stream turbine design has been carried out mainly by experimental prototype testing aiming at maximum turbine efficiency. The harsh and highly turbulent environments in which tidal stream turbines operate in poses a design challenge mainly with regards to survivability of the turbine owing to the fact that tidal turbines are exposed to significant intermittent hydrodynamic loads. Credible numerical models can be used as a complement to experiments during the design process of tidal stream turbines. They can provide insights into the hydrodynamics, predict tidal turbine performance and clarify their fluid-structure interaction as well as quantify the hydrodynamic loadings on the rotor. The latter can lead to design enhancements aiming at increased robustness and survivability of the turbine. Physical experiments and complementary large-eddy simulations of flow around a horizontal axis tidal turbine rotor are presented. The goal is to provide details of the hydrodynamics around the rotor, the performance of the turbine and acting hydrodynamic forces on the rotor blades. The simulation results are first compared with the experimental and good agreement between measured and simulated coefficients of power are obtained. Acting bending and torsional moment coefficients on the blade-hub junction are computed for idealised flow conditions. Finally, realistic
Introduction
The predictability of tides is a virtue and it allows predicting far in advance and with high accuracy the energy that can be extracted from this renewable energy resource. Great Britain is endowed with vast tidal energy resources, a large tidal range (of up to 14m in the Severn Estuary), thousands of kilome- Turbines (HAWT) [1] , however, water is approximately 800 times denser than air and therefore water causes significantly greater loads on HATT rotors compared to their HAWT counterpart. Consequently, essential modifications in the tidal stream turbine's design are needed to avoid structural failures, e.g. shorter and thicker blades and hence a smaller rotor diameter, and this has been subject 15 of research from the beginning.
Early experimental works on HATTs have focused mainly on their hydrodynamics and performance. Bahaj et al. [2] studied the effect of free surface proximity, yaw angle and different flow speeds on the performance of a tidal turbine. Mycek et al. [3] studied the wake produced downstream of the turbine 20 and its interaction with other turbine(s) towards the design of tidal stream turbine farms, and complementary to this Vennell et al. [4] presented their vision of the future of large tidal turbine farms. With a more hydrodynamic loadings focus, Milne et al. [5] investigated the structural moments of a 3-bladed HATT subjected to a sinusoidal motion under uniform flow conditions, and Blackmore 25 et al. [6] studied the influence of different turbulence intensities and eddy length scales in the approach flow on the turbine loadings and performance.
There has been increasing interest in developing numerical methods that can reproduce the complex flow in the near field of tidal turbines. These can be used in parallel to laboratory experiments or field tests because they can pro- 30 vide more detailed information on the near-field hydrodynamics or can predict turbine performance data for alternative rotor designs. Early works employed the blade element method (BEM) and the actuator disk theory. However, the latter does not consider the flow unsteadiness and the former discretises the turbine's geometry by a set of single points representing blade sections with 35 constant hydrodynamic coefficients. Such simplifications resulted in methods which are computationally cheap and these approaches gave good results for the turbine's far field [7, 8] however they are unable to reproduce the physics around the turbine rotor.
The complex and highly turbulent flow around tidal turbines is governed 40 by fluid-structure interaction including dynamic stall, trailing vortex wake generation or hydrodynamic load unsteadiness. Advanced and accurate models, such as blade resolved methods, are needed to simulate these features [9] . In general, blade resolved methods use three-dimensional meshes that represent explicitly the turbine's geometry and motion and the flow field is computed using 45 Reynolds Averaged Navier-Stokes (RANS) or Large-Eddy Simulation (LES).
RANS models are widely used as the computational requirements are affordable [10, 11] though the time-averaging of the velocity field does not accomplish a realistic representation of the instantaneous fluid-blade interaction. On the other hand, LES resolves the large-scale flow structures present in the velocity 50 field [12] as the so-called dynamic stall [13] . The main drawback of LES is the large amount of computational resources required to run the demanded fine meshes although exponentially increasing computational resources is making LES more accessible to the research community [14] .
There have been only few studies applying LES to study the hydrodynamics 55 and performance of HATTs. Kang et al. [15] were the first to reproduce nu-merically the operation of a commercial HATT prototype using the immersed boundary method. McNaughton et al. [16] and Bai et al. [17] performed LES of the experimental setup from Bahaj et al. [2] , and whilst [16] used a sliding mesh method, [17] employed the immersed boundary method. In all three studies an 60 excellent match with the experimental data was achieved showing the potential and accuracy of the method of LES.
The Immersed Boundary (IB) method has demonstrated great potential for the simulation of fluid-structure interaction (FSI). The IB method was first introduced by Peskin [18] to simulate the FSI of heart valves. Some of the 65 main advantages of the IB method are: the reduction of computational effort in the simulations compared to body-fitted and/or sliding mesh methods by avoiding remeshing and variable re-allocation at each time step or the ability to employ fast (multi-grid) Poisson equation solvers. Different IB methods have been developed since [18] and are mainly divided depending on whether the body 70 geometry is considered as a continuous surface or discretised into a finite set of points or markers. While Kang et at. [15] and Bai et al. [17] used a continuum IB method, in the following the discrete method developed by Fadlun et al. [19] and improved by Uhlmann [20] , the so-called direct forcing IB method, is adopted for the simulations. This method has been validated previously for vertical axis 75 tidal turbines [21, 22] , particle laden flows [20] , bluff body representation [23] , and several other applications as summarised in [24] .
During the lifetime of tidal turbines, they are subjected to harsh and highly turbulent environmental conditions. This compromises their structural design in order to avoid any major failure during the project lifespan or at least reduce 80 as much as possible the costly in site maintenance by reducing risks. Therefore, it is essential to identify and quantify the main stresses on the turbine. To date only few research has been dedicated to tidal turbine loadings due to the inherent difficulty of experimentally determining acting forces [25] . Nichols-Lee et al. [26] determined structural loads on the blades made of composite materials 85 while Blackmore et al. [6] focused on the effect of turbulence on hydrodynamic loads on a HATT. Numerical studies that quantified hydrodynamic loadings of tidal turbines have been presented by Mason-Jones et al. [11] , Frost et al. [10] and Tatum et al. [27] . These studies were carried out using RANS models which, due to its time-averaging nature, can not resolve the details of the instantaneous 90 flow.
In the research reported in this paper, a LES-based numerical approach together with the IB method is employed for the simulation of the fluid-structure interaction of a HATT. LES is able to resolve explicitly the large, energetic scales in the flow and hence is expected to provide unprecedented details of the FSI 95 of a HATT rotor subjected to turbulent flow. The method is first validated with data from experimental tests of a HATT prototype. This is followed by revelation of hydrodynamic details of the near-wake of the HATT rotor. Then hydrodynamic loads are quantified in terms of bending and torsional moments at the blade root. Finally, the effect of oncoming environmental turbulence on 100 the turbine's performance and its structural moments is quantified. The turbine was controlled via a programmable servomotor, used previously 115 for similar tidal turbine tests [29, 30] , and hydrodynamic loads from the rotor 
Experimental study

Numerical framework, Setup and Validation
Governing equations
The numerical simulations are carried out with Hydro3D, an in-house LargeEddy Simulation (LES) code that has been validated and applied to a number of complex flows including vertical axis tidal turbines [21, 22] , bubble plumes [32, 33] and hydraulic structures [34, 35, 36, 37] . Hydro3D solves the spatially filtered Navier-Stokes equations for turbulent, incompressible, three-dimensional flow field, which read:
where u and p are the fluid velocity and pressure, ν is the fluid kinematic are herein reconstructed using the kernel φ * 3 proposed by Yang et al. [42] . Using these delta functions, the predicted fluid velocity (u i ) is transferred to each Lagrangian marker L from their closest n e fluid nodes to obtain the interpolated Lagrangian velocity, U L , as,
The Lagrangian force at each marker (F L ) is computed as the difference between the desired velocity at the marker (U * L =∂X L /∂t) and the interpolated Lagrangian velocity via,
Finally, the Lagrangian force is then transferred back onto the neighbouring fluid cells using the previous delta functions as,
where x i and u i are the coordinates and velocities of the fluid cell i, X L and U L are the coordinates and velocities of the Lagrangian marker L, and n e and 150 n L are the number of Eulerian neighbours to each solid marker and vice versa determined from the width of the kernel used in the interpolation [42] . ∆t is the time step and ∆x i = ∆x · ∆y · ∆z is the volume of an Eulerian cell [21] . The chosen direct forcing method demands that both solid and fluid meshes have approximately the same resolution to ensure that exchanged forces between the 155 different frameworks (Eulerian/Lagrangian) are consistent.
Simulation of turbine rotation
The HATT geometry is generated by a discrete mesh using Delaunay triangulation featuring a resolution similar to the Eulerian fluid mesh (∆x i ≈ ∆V L ).
The chosen direct forcing method demands that both solid and fluid meshes have approximately the same resolution to ensure that exchanged forces between the different frameworks (Eulerian/Lagrangian) are consistent. This is achieved by placing approximately one IB point every mesh cell. The nodes of the generated unstructured grid are adopted as the Lagrangian markers representing the turbine's geometry. In an attempt to reduce the computational effort, the length of the hub was shortened compared to the real prototype dimensions. The influence of the length of the hub is deemed small, which was also demonstrated by Kang et al. [15] . The turbine rotates counter-clockwise with a prescribed constant rotational velocity (Ω) around the centre C (C x ,C y ,C z ), as indicated in Fig. 3a) . As a first step, the initial local Cartesian coordinates
of each marker are calculated. The rotated angle of each marker moving at a constant Ω at the time t is θ L (t) = θ 0 L + Ωt, and thus its position is calculated as,
The force vector, F, per blade is the sum of all forces from the markers comprising that blade and is computed as follows,
The x-component of F will be hereinafter referred as the thrust force, T. The torque, Q, generated by the turbine is computed from the y-and z-force com-
The power coefficient, C P , is the ratio of generated turbine power, P T , calculated as torque times rotational speed, to the power available in the water,
where U 0 is the free-stream water velocity, ρ is the water density and A = π · R 2 is the rotor's swept area. 
Calculation of hydrodynamic loadings on the rotor blades
160
The blade resolved large-eddy simulations allow the calculation of hydrodynamic loadings on the blade-hub junction, also known as root pitching and bending moments. The latter is considered as a critical turbine design element and probably the most prone to structural failure of the rotor. Here, the hydrodynamic loads are computed directly by integration of the IB nodal forces 165 (Eq. 7). It has to be noted that the blades are considered non-deformable, so the normal forces are not included in the structural analysis.
The total bending moment (M θ ) is calculated from the sum of the bending moments produced by the thrust (T), often named as flapwise moment, and tangential (Q) forces, also called edgewise moment, denoted as M T θ and M Q θ respectively, as follows,
where the lever arm, H L , is the radial distance between Lagrangian marker L and the blade-hub junction, which is depicted in Fig. 3a) .
The torsional or pitching moment, M r , causes the blades to pitch around the blade-hub junction that induces shear forces, which can lead to structural failure. Analogous calculations are carried out for the contribution of thrust and tangential forces to the total torsional moment using,
where the lever arms d x L and d r L used for thrust and tangential moments re-170 spectively, are the distances from the blade cross-section's centre of gravity (C)
to the Lagrangian marker position as depicted in Fig. 3b ).
The total bending and pitching moments coefficients, denoted as C M θ and C Mr respectively, are calculated with,
where bending (M and rotor radius (R).
Simulation setup
The computational domain presented in Fig. 4 is L=8D long (x-direction) , 
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The entire domain is decomposed into 720 sub-domains and the division is sketched out via dashed lines in Fig. 4a) . Local mesh refinement using three resolution levels (Fig. 4b) ) is employed with the goal to achieve an adequate resolution in the proximity of the rotor, while a coarser mesh away from it is needed to make the simulation affordable on the available computational resources. The 
Numerical parameter sensitivity and validation
The method of LES is grid-dependent, i.e. the finer the numerical grid the more length-scales of turbulence are resolved explicitly, and in order to ensure that all relevant turbulent scales are properly resolved it is necessary to carry out at least two LESs on different grids. In addition, and as shown recently [21] , Table 1 : Details of the meshes used during the spatial resolution sensibility study torque value T exp , the experimental maximum power coefficient C pmax and the tip-speed ratio λ opt at which C p =C pmax , respectively. The normalised torque 220 obtained from the simulations on the different meshes and time steps are plotted as a function of rotated angle in Fig. 5a ). The normalised mean power coefficient is presented in Fig. 5b ) as a function of normalised tip-speed ratio for the two meshes using ∆t 2 . It is observed that the impact of the mesh resolution is quite considerable, the simulation on the coarse mesh predicts approximately
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20% less torque than the simulation on the fine grid, and this is reflected in the normalised power coefficient in Fig. 5b ). In contrast to this, the effect of the time step on the fine mesh is relatively small: the simulation using ∆t 1 predicts only 3% less torque than the simulations employing ∆t 2 or ∆t 3 . Four simulations on the finest mesh using ∆t 2 are performed covering four different 
Hydrodynamic loadings at the blade-hub juncture
The aim of this section is to quantify bending and torsional moments at the blade root, a critical structural juncture with regards to the survivability of the rotor [45] . The present study analyses the contribution of both thrust and tangential forces to these moments, previously defined in Section 3.3. The
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former is due to the action of the oncoming fluid onto the turbine's rotor and the latter is mainly caused by the rotational movement of the blades. The value of these moments are obtained for the four simulated tip-speed ratios as they are expected to vary with the rotational speed of the rotor. ) as a function of tip-speed ratio is similar to the C P curve and maximum values are found at λ = λ opt .
Noteworthy is the fact that the greatest difference between maximum and minimum bending moment is obtained at λ = 1.25λ opt , the highest rotational speed are around zero and the curve exhibits a sinusoidal shape as well. However, torsional moments from tangential forces are than the those from thrust forces.
Effect of free-stream turbulence on rotor hydrodynamics
330
The turbine rotor is now subjected to a turbulence intensity (I) of 10%, similar to the one obtained from the experimental velocity signal (see Fig. 2 ).
The turbulence intensity is added to the mean velocity at the inlet via turbulent fluctuations generated using the Synthetic Eddy Method (SEM) from Jarrin et The time-averaged normalised streamwise velocity (U /U 0 ) contours in the XY-plane through the middle of the channel depth, i.e. z/H=0.5, are shown in Fig. 10a ) and c) for the I=0% and 10% case respectively. These contour plots demonstrate that the wake recovery is shortened due to the presence of free-stream turbulence. The low velocities, represented by the yellow areas, extend 350 to x/D≈3.5 downstream the turbine for the uniform inlet case, while for the I=10% case this is reduced to x/D≈1.5. This agrees well with the experimental findings of Mycek et al. [47] , who reported that the velocity deficit recovery in the turbine's wake is faster when the turbulence intensity is increased. The normalised time-averaged streamwise velocities contours are presented in Fig. 11a ) and c), for the uniform and turbulent inlet velocity conditions re-380 spectively, and they show that in both cases the velocity above the turbine (z/D≥0.5) is considerably higher than below it (z/D≤0.5). The difference in wake recovery, already observed in the XY-planes from Fig. 10a ) and c), is again appreciated in Fig. 11a ) and c). Noteworthy is that the turbine's low momentum wake tends to be filled more noticeably near the bed, in particular 385 for the free-stream turbulence case as seen from Fig. 11c ). The channel bed induced turbulence aids in entraining fluid into the wake and this is in line with the findings by Vybulkova et al. [48] who investigated the effects of a parabolic approach flow velocity distribution on the wake of a HATT in comparison with an uniform approach flow.
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From the instantaneous normalised streamwise velocity contours of the I=0% case presented in Fig. 11b ), the tip vortices are easier to discern than in the I=10% case, plotted in Fig. 11d ), and the high velocity pockets are more noticeable near the channel bed, where velocities are generally lower than near the water surface. As described before, the wake of the turbulent inflow case recovers quicker than the wake for I=0% and it is characterised by a more intense mixing between the free-stream flow and the turbine's wake. The velocity variation over the vertical direction results in an asymmetric filling of the lowmomentum turbine which appears to contribute to the meandering of the inner vortex visualised in Fig. 6 . 
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from numerical simulations using actuator disk theory from Blackmore et al.
[50], who reported that the velocity deficit recovery in the turbines wake is faster when the turbulence intensity is increased. The numerical and experimental data points don't agree perfectly, which is due to the fact that other factors, e.g. flow blockage or incoming flow speed, affect wake recovery as well. However, Noteworthy is the fact that at x/D=2.0 the tip vortices have lost their coherence.
In the x/D=3.5 cross-sections, the far-wake developed under turbulent inflow conditions (Fig. 14h) ) still exhibits a concentrated region of high TKE albeit the magnitude is reduced compared to x/D=2.0. At this distance downstream of 470 the turbine, the low-momentum zone has been filled with outer fluid and hence the velocity deficit is reduced as also shown in the mean streamwise velocity contours from Fig. 11c ). On the contrary, at x/D=3.5 for the uniform inlet case (Fig. 14g) ), the unstable far-wake starts to develop with an increase in the TKE levels within the turbine's swept area. At this location the wake does not exhibit with I=10% and I=20%, respectively, is almost identical to the one obtained with a uniform inflow. This is in line with the findings from Mycek et al. [47] who tested experimentally a tidal turbine under two free-stream turbulence intensities of 3% and 15%. They concluded that the turbine experiences only little variation in its performance when the turbulence intensity is increased 500 while large differences were observed in the wake recovery (as shown above). The instantaneous bending and torsional coefficients for one blade over 180 • < θ < 1260 • when using uniform or turbulent inflows is shown in Fig. 16 .
All structural coefficients obtained from the two turbulent inflow cases follow basically the same patterns as the ones obtained from the zero inlet turbulence Table 2 through the "range" variable. Again higher approach flow turbulence intensity translates into a wider (greater) range, which needs to be sustained by the rotor blades and this has to be taken into consideration during the 530 design process to avoid future failures. The pitching moment coefficients are generally one to two orders of magnitude lower than the bending moments, and the difference in the peaks and ranges between the non-turbulent and the moderately turbulent (I=10%) are insignificant. However, a further increase of approach flow turbulence from I=10% to I=20% results in significant increases 535 of the peaks and ranges of pitching moments, i.e. 30% or 50%, respectively. 
Conclusions
The method of large eddy simulation together with the immersed boundary method has been employed to study the hydrodynamics and resulting loads of a horizontal axis tidal turbine prototype. The numerical method was validated blades. The analysis of the simulation data in terms of hydrodynamics revealed the typical flow structures of horizontal axis turbines, including tip vortices and 550 an inner, counter-rotating vortex, which were visualised using common turbulence structure eduction methods. In terms of hydrodynamic loads, bending and torsional moment coefficients at the blade-hub junction were computed for different tip-speed ratios. The results show that there is a considerable fluctuation of the structural moments over one revolution, mainly due to the turbine's 555 operation in a boundary layer flow. It has also been demonstrated that the tip-speed ratio at which the turbine operates has an effect on the magnitude of the coefficients, most noteworthy that the largest bending moments occur when the turbine operates at the peak of the power curve.
With the goal of reproducing more realistic environmental conditions, the such as found at a future turbine deployment site can result in a 50% increase of instantaneous bending and pitching moments. The pitching moments have been found to be one to two orders of magnitude lower than the bending moments.
